Substantial growth in refrigeration and air-conditioning industry has made a significant impact on net energy consumption. Condenser pressure is one of the critical parameters in the energy-efficient operation of refrigeration and air-conditioning systems. A novel system is developed to use the condensate, available at the cooling coil, for condenser cooling of a window air-conditioner unit by employing evaporative cooling. Performance testing of the system has shown 13% savings in energy and up to 18% enhancement in coefficient of performance. The maximum benefit of the evaporative cooling cycle over the basic cycle was found to be in the region of moderate climatic conditions.
INTRODUCTION
Phenomenal growth of heating, air conditioning and refrigeration (HVAC&R) industry has made a significant impact on net energy consumption worldwide. According to the International Institute of Refrigeration, refrigeration consumes 15% of all electricity consumed worldwide [1] . Owing to highly energy intensive process, space conditioning or HVAC&R equipment in commercial and residential sectors consumes a significant amount of energy which is equivalent to the emission of thousands million metric tons of CO 2 . It is need of the hour to look for sustainable development to confront global warming and other environmental threat.
In order to minimize the system complications and make the system compact, HVAC&R equipment, employed in residential sectors, incorporates an air-cooled condenser which seems to be good and effective enough in the moderate climatic conditions. However, with considerably higher summer temperature as it prevails in South-East Asian nations, air cooling of the condensers may become inadequate, which leads to an increase in condenser pressure. Increasing condenser pressure tends to increase the compressor power and reduce the cooling capacity as well. Eventually, the system performance drops considerably. With each degree rise in condenser temperature, it is generally believed that the coefficient of performance (COP) of an air conditioner drops by 2-4% [2, 3] . It is always effective and beneficial to cool the air before it passes over the condenser in terms of energy efficiency and savings. There are some techniques to enhance the condenser cooling, such as re-designing the condenser for its length and/or diameter, optimizing the external fin spacing etc. However, implementing such techniques involve enough complexity and re-designing the condenser. One of the simple and modest techniques is inducing evaporative cooling on the condenser side.
Evaporative cooling is an age-old technique and has been in use since ancient time. It can be used independently in many applications or in combination with other systems as a hybrid system. A significant amount of work has been carried on evaporative cooling by various researchers in past. Various aspects of the evaporative cooling have been addressed in open literature. Hajidavalloo [4] used a small pumping system that sprayed water directly on the condenser coil of a window air conditioner to achieve evaporative cooling and observed that the system performance when compared with the conventional system was enhanced by 10%. However, to overcome certain drawbacks of this method, such as salt deposits on the coil, corrosive action etc., later Hajidavalloo [5] retrofitted a 1.5 TR window air conditioner with media pads which were kept wetted by spraying water on top of it to induce evaporative cooling. Results showed that the power consumption lowered up to 16%. Mathur et al. [6] employed evaporative cooling on a residential 3 TR split air conditioning system using four media pads to surround its condenser. Air passing through media pads was evaporatively cooled and allowed to flow over the condenser. It is reported that at the ambient temperature of 368C, 17 -20% energy savings was achieved. Hajidavalloo and Eghtedari [7] retrofitted the condenser of a 1.5 TR split air conditioning system by an evaporatively cooled condenser and showed the energy savings of the order of 11 -20% as the outdoor temperature varied from 36 to 498C. Hwang et al. [8] developed an evaporative condenser for a split heat pump system. The condenser tubes were kept immersed in a water bath, in which partially submerged disks were rotated by a motor while air is blown across them. As the disks rotated, water was carried in the form of thin film from the water bath to the flowing air, thus rejecting heat by evaporation of water in air stream. Results for the evaporative condenser showed higher heat rejection capacity by 1.8 -8.1%, a higher COP by 11.1 -21.6% and a higher specific energy efficiency ratio by 14.5% in comparison with the air-cooled condenser. Nasr and Hassan [9] have carried out an experimental work on an innovative evaporative condenser for residential refrigerator, which included thin sheets of cloth kept immersed in water at one end with its other end being wrapped over the condenser to facilitate the evaporative cooling by capillary action. It is shown that at an air inlet velocity of 3 m/s and a condensing temperature of 478C, the heat flux for the air-cooled condenser was 150 W/m 2 , while it was increased to 2000 W/m 2 for the evaporative condenser. It indicates that the evaporative condenser has the ability to reject heat 13 times higher than the aircooled condenser. Maheshwari et al. [10] have carried out experimental studies on an indirect evaporative cooler-assisted air-handling unit of a packaged air-conditioning system. Results showed the saving in power by 30 -40% due to reduction in the cooling load.
It is a well-known fact that a significant amount of condensate gets collected as a result of dehumidification of room air as it passes over the cooling coil. This condensate, typically at the dew point temperature of the room air ( 208C), falls from the cooling coils by gravity and is collected in a drip pan. The condensate must be disposed off either by channeling it to a remote drain or by letting it drip from the unit in the case of the window air conditioner. Instead of letting it drip from the unit, it can be used for evaporative cooling.
To the best of our knowledge, no attempt has been made to use the available condensate at the cooling coil for evaporative cooling. A novel system is proposed to use the condensate for evaporative cooling, employed for condenser cooling of a window air-conditioner unit. A comprehensive experimental study is carried out on the proposed novel system. Experiments were carried out on an in-house test facility developed with 1 TR window air conditioner.
EXPERIMENTAL TEST FACILITY
An in-house test facility is developed to carry out the experimentation. Test facility comprises a brand new 1 TR window air conditioner (Blue Star make), media pads, a water circulating pump, condensate channels and a water storage sump as shown in Figures 1 and 2 . In order to avoid the condensate accumulation between the evaporator fins, a window air conditioner with hydrophobic-coated fins on the evaporator was selected. Two (0 -16 bar) pressure gauges on the evaporator side and two (0-25 bar) pressure gauges on the condenser side were fixed to measure the evaporator pressure and condenser pressure, respectively. Type-T thermocouples were attached at appropriate places to measure the respective temperatures as shown in Figure 1 . To minimize the contact resistance, glycerin was used on coil surfaces. Further, insulation tape was wrapped around the thermocouple sensor to minimize convective effects. The system was charged with a refrigerant R-22 and installed in a test room at the height of 5 feet from the ground. The window air conditioner was tilted by 4 -58 toward the ground to direct the condensate flow toward the water sump. The entire test was conducted in a 9 Â 11 feet wooden room. The test room was specially designed and fabricated with a south-east facing window and a door. An energy meter with least count 0.01 kWh was used to measure the total power consumption of the system. A small water tank was placed just below the unit. Thermacol slits were used to retain the condensate, until it is allowed to mix with the water in the tank below ( Figure 2 ).
Evaporative cooling facility was created on the window air conditioner by placing media pads on both side spaces between the evaporator and condenser coils. Air is being sucked through a fan motor over the media pad from both sides ( Figure 2 ). These media pads facilitate evaporation of water to cool the incoming air through the condenser fan. A water tank of the capacity 7.5 l is placed under the base plate of the window air conditioner to collect the water and condensate ( Figure 2 ). A small submersible pump along with perforated pipes serves the purpose of re-circulating and spraying the water onto the media pads ( Figure 1 ). Pressure drop across the wetted media was almost negligible and taken care by the condenser fan. A float valve-governed makeup water arrangement was provisioned to maintain the level of water in the tank. Two types of media pads, khus-khus type grass and honeycombstructured cellulose-bounded pad, were tested. Photographs of media pads used in the experiments are shown in Figure 3 .
Arrangement to induce the evaporative cooling by capillary action of wetted cloth wicks is shown in Figure 4 . In this case, the pump and media pads were eliminated. Instead, wicks of porous cloth were used to serve the purpose of water lifting. One end of this wick was kept immersed in the water tank below the unit having the other end wrapped on the inner side of the condenser fins as shown in Figure 4 .
Partial pressure difference between the two ends of the cloth wick serves the driving force for the water to be lifted. Existing condenser fan forced the air through damp cloth wicks on to the condenser. Due to evaporation from the cloth wick, the air approaching the condenser coil would be cooler. Thus, evaporative cooling would be achieved by capillary action of porous cloth wicks.
EXPERIMENTAL METHODOLOGY
Initially, extensive leak tests were conducted to ensure the leak proof system after attaching the pressure gauges on the window air conditioner. Further, the test room was made leak proof by placing the suitable packing at the identified locations. Ambient temperature and relative humidity were recorded before test run. Prior to switching on the compressor, a submersible pump was turned on to wet the media pad and to allow the water temperature to reach steady state. A temperature data logger was facilitated to record the temperature and it was ensured to put it on before starting the system. All the readings were recorded after steady-state conditions being established. From the start up, the system typically took 35 -70 min to reach the steady-state conditions. Water flow rate was kept constant at all the conditions. It is assumed that 10% of the total power consumed is utilized for the condenser fan.
It was ensured that the initial inside as well as outside conditions were the same for all the cases. Initially, experiments were conducted with media pads retrofitted for the evaporative cooling-assisted cycle where the condensate was allowed to drain off. Following that, within the time interval to rehabilitate the initial conditions, arrangements were done for retaining the condensate in the water tank and the tests were repeated. Later, the tests were performed with the conventional cycles by removing the retrofitted media pads in the time interval required for the conditions to be rehabilitated.
Enthalpy values corresponding to the measured pressure and temperature were obtained from property tables and the P-h chart for R-22 [11] . Subsequently, based on these derived enthalpy values and the measured power, performance parameters were evaluated.
RESULTS AND DISCUSSION
The experiments were conducted for three different cycles: the conventional cycle, evaporative cooling cycle without the condensate reuse and evaporative cooling cycle with the condensate reuse under similar operating conditions. Two different pads, khus-khus and cellulose-bounded, were tested. Experiments were carried out at different ambient conditions to test the combined effect of ambient humidity and temperature. Several preliminary tests were conducted to test the repeatability of the system. Initially, repeatability tests were conducted and it was found that the system COP scatter was within a range of 3.7%. It clearly shows that the system behavior was fairly consistent and the tests repeat reasonable well within an acceptably narrow range. Figure 5 shows the condenser and evaporator pressures with the two media pads, khus-khus and cellulose-bounded. Tests were conducted by keeping climatic conditions (DBT ¼ 278C, WBT ¼ 218C) the same for both the pads. The window air conditioner was set at 218C. It can be seen that condenser pressure reduction is relatively more with the cellulose-bounded media pad. A comparison of COP of two pads is shown in Figure 6 . It can be seen that the COP with cellulose-bounded is marginally better than that with the khus-khus media pad. The reason could be due to the structure of cellulose-bounded that facilitates the organized flow of air through it when compared with khus-khus. Further, being cellulose-bounded pad, it features higher water-holding capacity. Thus, with better air-flow pattern and higher dampness, the cellulose-bounded media pad provides better condenser cooling and hence yields higher COP. Hence, the cellulose-bounded media pad was used for the entire experimentation and the results are reported with the cellulose-bounded media pad. Steady-state readings are tabulated in Table 1 . Results are tabulated in Table 2 .
Selection of media pad

Use of condensate under different operating conditions
Experiments are conducted under two climatic conditions, moderate and hot and humid, to test the effect of humidity and temperature on the performance of the system. Further, the cloth wick is also tested for evaporative cooling.
Case 1: test under moderate climatic conditions
Test was conducted under moderate climatic conditions for three cycles: conventional, evaporative cooling assisted without the condensate and evaporative cooling assisted with the condensate. The ambient conditions were recorded DBT ¼ 30.58C, RH ¼ 56%. The cut-off temperature of the window air conditioner was set to 228C. Steady-state experimental readings recorded are tabulated in Table 3 and the results obtained are tabulated in Table 4 .
A comparison of the condenser and evaporator pressures for the three cases is exhibited in Figure 7 . It is observed that the evaporative cooling-assisted cycle with the condensate reuse has shown improvement. A reduction in condenser pressure is relatively more in comparison with the other two cycles. This is due to the fact that the condensate mixing in the tank brings down the water temperature. Consequently, evaporative cooling performs better, yielding a larger drop in condenser temperature and corresponding pressure. A comparison of the refrigeration effect and power consumption of the three cycles under moderate climatic conditions is shown in Figure 8 . It can be observed that the benefits in terms of refrigeration effect as well as power savings are more in the evaporative cooling-assisted cycle with the condensate reuse.
System performance (COP) of all the three cycles is compared as shown in Figure 9 . Clearly, it can be seen that among the three cycles studied, the evaporative cooling cycle with the condensate yields highest COP. This is due to the increased refrigeration effect and lower power consumption by virtue of enhanced condenser cooling by condensate mixing. Figure 10 shows the P-h chart plotted for the three cycles. From the P-h chart, it is evident that condenser pressure is lowest with the evaporative cooling-assisted cycle with the condensate reuse. Accordingly, the system performs better in terms of COP.
Case 2: test under hot and humid climatic conditions
Hot and humid climatic conditions are considered to be adverse for an air-conditioning system. In such a climate, an air conditioner operates under high cooling load conditions. High humidity facilitates an increase in the amount of condensate. However, high humidity also increases the latent load on the system. This brings the paradox and needs to be optimized. Experiments were carried out at hot and humid climatic conditions, DBT ¼ 36.88C, RH ¼ 67%. The window air conditioner was set to 248C. Similar to moderate climatic conditions, in this case also a reduction in condenser pressure was observed when the condensate was mixed in the circulating water. However, the amount of condensate collected was almost 20% higher than that of moderate climatic conditions. The evaporative cooling-assisted cycle with the condensate mixing yields the better COP over the other two cycles as shown in Figure 11 . However, the percentage gain of COP over the evaporative cooling cycle remains almost the same as moderate climatic conditions. This may be due to the fact that despite higher condensate rate, need of the lowering apparatus dew point temperature to handle higher latent load increases compressor work. Steady-state experimental readings recorded are tabulated in Table 5 and the results obtained are tabulated in Table 6 .
Case 3: cloth wick-assisted evaporative cooling
The principle of capillary action was utilized to achieve the evaporative cooling over the condenser coil, employing a porous cloth wick as shown in Figure 4 . Ambient conditions were recorded as 31.58C DBT and 58% RH and the window air conditioner was set at 228C. Experiments were conducted with cloth wicks mounted on the inner side of condenser fins, keeping its lower end immersed in the water tank. The condensate was allowed to mix with ambient water. Steady-state readings are tabulated in Table 7 . To our surprise, the system performance was poor with the cloth wick-assisted evaporative cooling cycle compared with the conventional cycle. COP Figure 11 . Performance comparison of the three cycles operating in hot and humid climatic conditions. (Table 8 ).
It was observed that the rate of water evaporation from the cloth wick was much higher ( presence of the condenser fan) in comparison with the rate of water rise in cloth wicks by capillary action. Subsequently, the dried-up cloth wicks resisting the air flow over the condenser and hampering the condenser cooling. As a result, there was a rise in condenser pressure instead of the expected drop and consequently a drop in COP was observed. Variation in the refrigerant mass flow rate and COP with ambient conditions for two cycles, evaporative cooling-assisted cycle reusing the condensate and without evaporative coolingassisted cycle (conventional), are shown in Figure 12 . It can be seen that as the temperature increases, the mass flow rate of the refrigerant also increases for both the cycles. However, the refrigerant mass flow rate with the evaporative cooling-assisted cycle is marginally lower than the conventional cycle. COP variation for both the cycles is the same; it decreases with an increase in temperature. However, COP with the evaporative cooling-assisted cycle is significantly higher than the conventional cycle at all the chosen temperature. Figure 13 exhibits the percentage saving in energy and percentage improvement in COP over the basic cycle. It can be seen that there is an optimum value for percentage saving in energy and percentage improvement in COP in the chosen water-circulating temperature ( Table 9 ). The maximum benefit of the evaporative cooling cycle over the basic cycle was found to be in the region of moderate climatic conditions. As the temperature increases, power required for both the cycles also increases. The increased humidity at higher temperature facilitates more amount of the condensate, which makes the evaporative cooling more effective. However, beyond a certain temperature, latent load dominates. As a result, percentage saving in power and COP decreases beyond a certain temperature.
Uncertainty analysis
With the instrumentation data obtained from the manufacturer and methodology by Hollman [12] , the percentage error in the measured value was calculated to predict the uncertainty of the experimental results. Analysis done with the different operating conditions is presented in Table 10 and Figure 14 . It can be seen that the uncertainty in COP is in the range of 8.5 -11% for different operating conditions. A novel system is developed to incorporate evaporative cooling on the condenser side of a window air conditioner by using the condensate available cooling coil. The system has facilitated up to 13% savings in energy and up to 18% enhancement in overall performance. Honeycomb-structured cellulose-bounded media pads were found to have an edge better over the khuskhus grass type media pads. With different ambient conditions, the evaporative cooling-assisted cycle that reused the condensate was proven better when compared with the evaporative cooling-assisted cycle without the condensate reuse. The cycle was found to be most effective within the moderate ambient conditions range. However, an attempt to produce similar evaporative cooling effect using the capillary action of porous cloth wicks was not so effective due to its limitation in water raising capacity. Thus, the evaporative cooling-assisted cycle that uses honeycomb-structured cellulose-bonded media pads and reuses the condensate can serve as one of the most practical and economical methods to enhance the overall system performance and achieve higher energy efficiency. 
